Studies on the synthesis, structure, spectroscopy and photodynamics of macrocycles such as porphyrin, phthalocyanine, and chlorin have increased in importance in the last decades. This interest is mainly due to their catalytic, spectrophotometric, magnetic, and electrochemical properties, which enable these compounds to be employed in many different applications. [1] [2] [3] [4] [5] [6] In combination with experimental approaches, theoretical studies based on quantum mechanics are useful for the comprehension of electronic structure and environmental effects. [2, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] There are two main methodologies that aim to increase the efficiency for energy transfer appliances: complexation with different metallic ions and the addition of (a) polar/(un)charged substituents. Both methodologies are able to avoid the aggregation and/or enhance the substrate interaction while maintaining or even improving photochemical properties.
In combination with experimental approaches, theoretical studies based on quantum mechanics are useful for the comprehension of electronic structure and environmental effects. [2, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] There are two main methodologies that aim to increase the efficiency for energy transfer appliances: complexation with different metallic ions and the addition of (a) polar/(un)charged substituents. Both methodologies are able to avoid the aggregation and/or enhance the substrate interaction while maintaining or even improving photochemical properties.
[2,7-9, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] One of the first ab initio studies for porphyrins [34] was performed through the MO-LCGO-SCF method, described by Roothaan. [35] [36] [37] Since then, the number of ab initio studies for these macrocycles has grown significantly, particularly concerning the calculations based on density functional theory (DFT), due to its good relation and cost/accuracy ratio. [2, 8, 9, [17] [18] [19] [20] [21] [22] [23] 25, 26, 28, 29, 31, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] DFT studies of most porphyrins and phthalocyanines have employed B3LYP functio nal; [2, 8, 9, 25, 28, [38] [39] [40] 48] nevertheless, other functionals such as BLYP, [8, 29, 49] VWN-B-P, [26] and BHandHLYP [8] have also been used. T. E. Shubina and T. Clark [25] performed a methodological study for porphyrins complexed to Fe(III) and Co(II), which indicated that B3LYP and OLYP functionals are excellent choices for studying these macrocycles. Time-dependent Hartree-Fock, [26, 38, [41] [42] [43] ZINDO/S, [38, 42] configuration interaction, [41, 42] and CASSCF/CASPT2
Phthalocyanines, porphyrins, and chlorins have been widely studied as photosensitizers. Both experimental and computational strategies are employed in order to propose new and more active molecules derived from those macrocycles. In this context, there are two main strategies used: (i) the addition of different substituents and (ii) the complexation of the macrocycle with different metallic ions. In this work, we present selected descriptors based on quantum chemistry calculations for forty macrocycles, including some approved drugs. We have found that density functional theory is a suitable methodology to study the large sets of molecules when applying the B3LYP/LanL2DZ methodology for geometry optimization and TD-OLYP/6-31G(d) for absorption spectrum. The inclusion of solvent effects by means of continuum model is important in order to obtain the accurate electronic data. We have verified that by bonding charged or polar substituents to the macrocycle, it is possible to enhance water solvation as well as to improve spectroscopic properties because molecular orbital contributions for Q band can be affected by some substituents. Selected descriptors, electronic and steric, were pointed out as important to propose the new photosensitizers.
K E Y W O R D S
density functional theory, molecular descriptors, photosensitizers, phthalocyanine, porphyrin 1 | (Complete Active Space Self-Consistent Field/SecondOrder Perturbation Theory) [25] have been employed in order to obtain the theoretical absorption spectra for this compound class. However, time-dependent density functional theory (TD-DFT) is the most common methodology emplo yed. [19] [20] [21] [22] [23] 28, 38, 42, 43, 45, 46] On the other hand, solvent has an important role in spectroscopic measurements. A computational feasible way to include the solvent effects is to use continuous models of solvation, such as polarizable continuum model (PCM). [50] [51] [52] PCM is the continuum model most used for the applications involving accurate quantum mechanical calculations of structure, spectroscopy, thermodynamic, and kinetic in an isotropic environment and interfaces between two fluids. [39, 51, [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] In order to find the useful descriptors to be employed in proposing new photosensitizers through the use of quantum mechanical methods, it is necessary to conduct a study for a set with a reasonable number of compounds using robust and cost-/time-effective computational methods. A methodological study using two macrocyclic systems was the starting point: The free base phthalocyanine and a phthalocyanine complexed with Zn (II). Descriptors that are indicated as important to evaluate the photosensitizing activity were calculated using 20 phthalocyanines, 18 porphyrins, and 2 chlorins (structures presented in Table SI1 ), free-based and complexed to Zn(II), Al(III) and Si(IV) as well as with substitutions in the beta position for phthalocyanines and in meso for porphyrins. Among the molecules studied, there are two drugs used in photodynamic therapy: Levulan 1 and
Visudyne. Statistical tools are useful to evaluate a large amount of molecules and their properties. Unfortunately, there is not a set of experimental measures of efficiency for all photosensitizers proposed, hindering quantitative analysis. In photodynamic therapy, the efficiency of the compound does not depend on specific interactions; instead, it is mainly given by the interaction with different membranes, leading to different responses.
There are few studies that combine experimental data, quantum chemical studies, and quantitative structure-property relationships (QSPR) for these macrocycles. [33] Dibetsoe et al. [33] applied this strategy for a set of seven compounds to be employed as corrosion inhibitors. Cárdenas-Jirón [49] published the first work in which statistical tools were used to correlate the different descriptors to Q band wavelength for sixteen porphyrins and chlorins-the authors were not able to perform single linear regressions because the wavelength is a multidimensional parameter; however, they constructed a model able to predict the Q band wavelength for new porphyrin derivatives. Li et al. [64] constructed a QSPR model for efficiency prediction of sensitizers in solar cells, based on DFT calculations as well as experimental data for 354 all-organic compounds (mainly arylamine dyes).
COMPUTATIONAL METHODS
Semi-empirical and DFT methods have proved to be suitable for the study of molecules with relatively low computational cost-especially when dealing with a large set of molecules, each comprising many atoms. We initially conducted a study with different approaches to optimize the geometry of two compounds (the semi-empirical method PM6 [65] and some combinations of functional and basis set for DFT approach): A free base phthalocyanine (F_4H) and a phthalocyanine complexed to Zn(II) (F_Zn_4H). Our studies, presented in the supplementary material, indicate that the combination of the functional B3LYP [66] [67] [68] with the base LanL2DZ [69] [70] [71] is an accurate methodology to obtain the molecular geometry of these compounds.
We have also evaluated the cost-effective computational methods that are consistent with experimental absorption spectrum data. Absorption spectra were calculated computationally using the semi-empirical ZINDO/S [72] [73] [74] [75] [76] [77] [78] [79] [80] and the following DFT functionals: B3LYP, CAM-B3LYP, [81] HSE-H1PBE, [82] [83] [84] [85] [86] [87] WB97XD, [88] OLYP, [67, 68, 89] with LanL2DZ, 6-31G(d) [90] [91] [92] [93] [94] [95] [96] [97] [98] and 6-311G(d,p) [99] [100] [101] basis set.
After selecting the best methodology, we studied other properties for the 40 selected molecules, such as ionization potential, electron affinity, electronic transitions, molecular volume and area. Properties such as dipole, volume and area are useful descriptors to relate the molecular structure and activity. [102] Volume was calculated through a method in which a probe the same size as the solvent molecule (in this case water) is used to build a mesh around the molecule. Area was calculated by the method of Hasel et al. [103] that is based on the van der Waals radius. The inclusion of solvent effects for tetrahydrofuran (THF), chloroform, and water was performed using IEF-PCM [104, 105] and non-electrostatic contributions computed with the default parameters. All quantum chemical data were calculated by the computer package Gaussian 09. [106] Principal component analyses (PCA) and hierarchical cluster analyses (HCA) were performed, with the Pirouette software [107] using autoscaled data in order to analyze all the properties obtained.
RESULTS

Methodological study
Absorption spectra were obtained for free base phthalocyanine (F_4H) and Zn(II)-phthalocyanine (F_Zn_4H) through a combination of different methodologies. These macrocycles present two main experimental regions of electronic absorption: the Soret band (at lower wavelengths) and Q bands (at greater wavelengths). F_4H presents two Q peaks, called Qx and Qy, while F_Zn_4H has only one Q band. Table 1 presents the main spectroscopic properties calculated for both compounds, namely wavelength of absorption (λ max )
for Soret and Q bands. We also report the experimental data obtained in THF solution for comparison purposes. Q band is usually the most important parameter to the applications of macrocycles as photosensitizers. OLYP and B3LYP results, along with larger basis set, are in better agreement with experimental data in regard to Q bands prediction as well as overall mean deviation, especially when including 
147) → LUMO+1 (MO 149)
. HOMO is more distributed throughout the molecule, but only from carbon atoms, whereas LUMO and LUMO + 1 have contributions of atoms along a specify axis, as can be seen in Figure 1 . F_Zn_4H is more symmetric than F_4H (D4 h versus D2h), and virtual orbitals LUMO and LUMO + 1 are almost degenerated. These assignments are already well known and are in accordance with our results as well as data presented in the literature. [108] Thus, the selected method is suitable for the study of other molecules.
Quantum chemistry descriptors
Among the strategies for the development of new photosensitizers, the search for increased solubility in water is | worthy of citation. Water solubility facilitates the administration in a biological environment and decreases aggregation. In order to increase the polarity and therefore the water solubility, bulky and charged groups are added to the structure of the molecule. To verify how these structural changes affect the solubility of porphyrins, chlorins, and phthalocyanines, we have calculated the free energy of solvation in water (ΔG solv) for all the compounds of this work ( Figure S1 ). We evaluated its correlation with two other descriptors: the dipole moment magnitude and the molecular volume. The data for all the molecules are presented in Table SI4 and the correlation graphs in Figure 2 . From the absorption spectra, it is possible to extract the important descriptors also, mainly from the Q band. Table 2 displays the main data for all macrocycles studied. We have also evaluated the correlation between Q band wavelength (Qx for porphyrins and chlorins) and free energy of solvation in water (Figure 3) .
In order to better understand the absorption spectra dependence with solvation, it is important to verify the solvation effects upon HOMO-LUMO gap (∆ H-L ), molecular orbitals that participate in Q band transitions (Figure 4 ). The solvation effect on the gap is not significant in most cases. However, there is small enhancement on porphyrins gap-the inverse occurs for phthalocyanines. Phthalocyanines F_1nh3_4c and F_ n2acc0 and porphyrins P_4b family suffer larger solvation effects. To better understand this phenomenon, we have to look at the effects of solvation on the frontier molecular orbitals individually. This is especially important because, according to Koopmans theorem, HOMO energy is related to the ionization potential and LUMO energy is related to electron affinity. Both properties are useful in the study of photosensitizers. Thus, Figures 5 and 6 present the dependence of the energy of these molecular orbitals with the solvent. The HOMO energies of the aforementioned compounds are more impacted for the solvation effects, probably because of charged or polar substituents. As phthalocyanines are greater macrocycles than porphyrins, the effects of substituents are smaller. F_1nh3_4c is the only exception: In spite of being a phthalocyanine, the gap is quite enlarged by the presence of solvation effects due to amine substituent being bonded to the macrocycle by a larger aliphatic chain of four carbons.
Individual or pairwise comparisons were also made for the descriptors of the whole set of molecules studied. Statistical tools were used: HCA and PCA for a better qualitative evaluation of the data. The goal of the statistical analysis was to investigate the correlations between descriptors and groups of molecules. Two drugs employed in photodynamic therapy were included as comparison targets: Levulan and Visudyne.
The first step was to evaluate the correlation between the calculated properties for the set of molecules studied (Figure S3) . The variables used in multivariate analyses were as follows: charge (carga), the presence of metallic ions (metal), molecular approximate area (Areap), molecular grid area (Areag), molecular volume (Vol), dipole moment (Dip), energy of HOMO, LUMO, and HOMO-LUMO gap in water, solvation free energy in water (Solvat), absorption wavelength of Q band (CompOnd), and oscillator strength F I G U R E 3 Scatter graph for ∆G solv (eV) versus Q x band absorption wavelength (nm) for studied macrocycles (Figure S3 ), we can observe that Areag and Areap variables are highly correlated with volume, and HOMO-LUMO gap is highly correlated with individual energies; therefore, we have withdrawn the molecular area and the HOMO-LUMO gap to perform HCA ( Figure S4 ) and PCA ( Figure S5 ). HCA does not separate the compounds by class; it rather proposes groups in which porphyrins and phthalocyanines are presented. In fact, the drug Levulan is classified in the group comprising mainly porphyrins and chlorins. On the other hand, Visudyne (which is a porphyrin) is quite apart from the other drugs and it is grouped with phthalocyanines. Molecular volume and oscillator strength separate most of the phthalocyanine in the top group, because these molecules F I G U R E 6 LUMO energy (u.a.) for (A) phthalocyanines and (B) porphyrins and chlorines studied. Red columns correspond to gas-phase calculations, green in chloroform, and blue in water A B | are those with higher values for these variables. However, it is interesting to note that structural changes as those made in P_4b2cA porphyrins (cis and trans) group them with phthalocyanines.
PCA confirms this distinction observed in HCA for drugs regardless of not completely grouping the other samples. Hence, the analysis was performed once again, with the following modifications:
• Metal variable was withdrawn. This is a binary variable (presence or absence) and could give misleading results, because all the other parameters are based on physicalchemical data.
• Charge was removed from the variable set, because the dipole moment can reflect the charge distribution more accurately and for the molecule as a whole.
• HOMO and CompOnd were withdrawn and LUMO was maintained, because LUMO contributes more significantly to the separation of the samples in the first PCA among the other regarding absorption spectrum.
The results obtained from this new analysis are displayed in Figures 7 and 8 , along with PCA equations (eqns 1 and 2).
DISCUSSION
In the first stage of this study, our results proved that the methodology B3LYP/LanL2DZ for geometry and TD-DFT/OLYP/6-31g(d) are the most suitable for the study of these macrocycles, reproducing experimental properties with relatively low computational cost. It is important to highlight that the inclusion of solvent effects in absorption spectrum simulation plays the main role in reproducing electronic spectrum. The evaluation of descriptors for the 40 macrocycles derived from porphyrin, phthalocyanine, and chlorin was also performed. Solubilization is a major problem in the development of new photosensitizers, especially for pharmaceutical applications; consequently, structural changes are proposed in order to enhance the aqueous solubility. In this sense, we have calculated the effects of structural changes in the solvation free energy. As expected, the free energy is significantly influenced by the presence of charged substituents bonded to the macrocycle, which affects the comparison with neutral molecules. Therefore, it is useful to compare the molecules with equal total charges (in parentheses in Figure S1 ). The presence of complexed metallic ions does not contribute significantly-on the other hand, electronegative atoms (such as oxygen and nitrogen) favor solvation. ΔG solv calculated for compounds with carboxylic groups bonded, such as the F_n2oacc0, should be underestimated because the solvation model used does not detail hydrogen bonds. In spite of this, the most relevant aspect for the analysis is to note that the addition of carbon chains or phenylic groups to the macrocycle, which are common strategies to avoid self-aggregation, Hence, a useful strategy should be to add polar or charged groups bonded to the macrocycle by a carbonic chain.
Properties such as dipole, molecular volume and area are widely used in medicinal chemistry and aid in the design of new drugs. Regarding the study of photosensitizers in medicine, it is known that as the dipole of the molecule decreases as volume increases, the ability to interact with hydrophobic substrates (such as membranes) also increases. The downside of this strategy is that it may make the compound slightly soluble in aqueous solutions. Another aspect to be considered is that the proposed structural modifications, aiming to facilitate the interaction with the environment, cannot hinder the absorption spectrum, especially the band Q. It is therefore necessary to strike a balance among all these properties for which we propose to evaluate pairwise correlation graphs (Figures 2 and 3) .
It is expected that as the macrocycle total charge or dipole is increased, it becomes more water soluble. On the other hand, adding such groups may dramatically increase molecular volume, preventing solubilization. For the cases studied, it is noticeable that the addition of small carbon chains with polar groups at the ends does not cause an expressive increase in molecular volume while significantly increasing the solubilization.
Besides solvation effects, modifications in the structure of the macrocycle can also cause changes in its electronic structure. Data presented in Table 2 indicate that complexation, besides increasing the symmetry and degenerating Q band transitions, affects absorption wavelength and oscillator Oscillator strength is always around 0.4 for the phthalocyanines and quite low for porphyrins and chlorins, except for substituents like pyridines (P_4bxc family), alcohol (Levulan), carboxylic acid and ketone (Visudyne). The addition of phenylic groups (P_4fenil) shifts the spectrum to longer wavelengths and increases oscillator strength. The addition of charged or polar groups to the macrocycle may have even greater effects in porphyrin-effects are very small when it comes to the substitution in phthalocyanines. Transitions related to the Q bands always involve HOMO and LUMO (Table 2) ; indeed, HOMO and LUMO energies for porphyrins are more affected by the substitutions than MO of phthalocyanines.
There are two main differences observed among these macrocycles: (i) Phthalocyanines have their π-conjugated system larger than porphyrins and (ii) phthalocyanines and porphyrins Q bands are comprised of two transitions HOMO to LUMO+1 and HOMO to LUMO transitions, and chlorin Q bands are comprised of HOMO to LUMO and HOMO-1 to LUMO transitions. However, the molecular orbital contributions are different according to the substituent-as an example, we can cite porphyrins (part of the P_4b family) that have the same behavior as chlorins. The asymmetry given by the substituents may be the origin of this spectral behavior, as it can be seen from the distribution of the molecular orbitals ( Figure S2 ).
It is important to highlight the role of solvent effects in MO energies. From Figures 4-6 , it can be seen that gas-phase gap energies are sometimes underestimated, mainly because HOMO energy is overestimated for charged systems-solvation inclusion effects seem to correct it.
Moreover, we have used PCA and HCA statistical tools to prospect the most important descriptors in order to find the similarities between the compounds. From these analyses, we were able to divide the studied macrocycles into two groups: one smaller, comprising only porphyrins and chlorins, and a larger group, with porphyrins and phthalocyanines. PC1 is determined by a balance between steric and electronic descriptors: volume (as expected), LUMO energy, oscillator strength, dipole moment, and solvation free energy, indicating that similar electronic and steric properties can be obtained for quite different structures.
CONCLUSIONS
In this article, we present the computational study of forty compounds based on porphyrin, phthalocyanine, and chlorin with different substituents and complexed metal ions (Zn(II), Al(III), and Si(IV)), including two approved drugs for photodynamic therapy (Levulan and Visudyne). Our goal was to propose the essential descriptors to assist in the development of new photosensitizers.
First of all, we performed a methodological study using semi-empirical and DFT-based methods. DFT proved to be a feasible method able to reproduce the structural and electronic properties for these macrocycles. Among the functional and basis set studied, B3LYP/LANL2DZ was the selected methodology for geometry optimization and TD-OLYP/6-31g(d) for electronic spectrum, using IEFPCM to include the solvation effects.
The next step was to obtain the properties such as area, volume, dipole, and solvation free energy for all forty compounds. The addition of substituents to the macrocycle is a common strategy to prevent the aggregation and increase the solubility in aqueous solutions, but it may increase molecular volume while still maintaining the dipole moment zero (if symmetric substitutions are made), which would increase the hydrophobicity of the compound. We have also observed that the addition of charged or polar substituents is able to increase the water solubility even when the total dipole moment of the molecule is zero and the molecular volume is increased.
Frontier molecular orbitals and absorption spectra were also evaluated. HOMO-1 to LUMO+1 are concentrated on the π-conjugated system; thus, the energy of the frontier orbitals (and hence the Q band) should be less sensitive to the substituents. We observed that the Q band of porphyrins and phthalocyanines comprises the transitions from HOMO to LUMO and LUMO +1. However, the Q band of chlorins involves the transition between two occupied orbitals, HOMO and HOMO-1, and only one virtual, the LUMO. Some meso-non-symmetric substitutions on porphyrins were able to induce the same behavior in porphyrins.
Further, it is also noted that it is important to include the solvent effects in order to obtain the absorption spectra in accordance with the experimental data, because gas-phase results tend to overestimate some of these values, especially for the charged compounds.
A preliminary assessment of the whole set of compounds was made using statistical tools (PCA and HCA), including drugs already in use in PDT treatments as model compounds. Most of the molecules proposed in this work displayed similarities with Visudyne or Levulan. Important steric and electronic descriptors were found to separate the studied compounds into two groups: molecular volume, LUMO energy, oscillator strength, dipole moment, and free energy of solvation. 
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